An on-board measurement system that can simultaneously obtain such information as road infrastructure, traffic conditions, driver's operations, vehicle running conditions, and exhaust mass emissions was installed in a light duty freight vehicle with an EGR system and in a minivan without an EGR system. In order to analyze the mechanism of roadside pollution caused by vehicles, road tests were carried out in real traffic conditions. The light duty freight vehicle showed intensive NOx pollution at the roadside in a vehicle start, in which the EGR rate was low, but it was effective to reduce NOx mass emissions at low speed running in traffic jams where the EGR rate was rather high. In the case of the minivan, intensive NOx pollution was observed in low speed running such as in traffic jams. The reduction of NOx during vehicle starts is important for vehicles with an EGR system to reduce intensive NOx pollution at roadsides.
Introduction
Mass emission measurements from on-road vehicles using on-board measurement systems have been conducted in the past to analyze exhaust gas pollution at local roadsides and to examine the relationship between vehicle dynamics and its mass emissions (1) - (3) .
Elements that influence the mass emissions from running vehicles include: (a) external factors such as the infrastructure of roads, traffic environment, and weather, (b) driving factors such as routes on which vehicles drive and drivers' characteristics, and (c) technical factors of vehicles and/or engines. It is necessary to observe those three factors to reveal the mechanism of exhaust gas pollution at local roadsides.
In the previous studies, the authors showed that with an on-board emission measurement system, which measured the above factors simultaneously, it was possible to analyze roadsides' pollution mechanism (4)- (7) .
EGR systems have been used as a technique to reduce NOx on many diesel freight vehicles. In this study NOx mass emissions in real traffic conditions from a vehicle with and without an EGR system, which is a technical factor of an engine, are discussed, and the control of NOx mass emissions at roadsides by an EGR system is clarified. The authors installed an on-board emissions measurement system in a light duty freight vehicle with an
Experimental Method

Test Vehicles
Pictures of the test vehicles are shown in Figures 1 and 2 , and main specifications of those vehicles in Table 1 . Vehicle 1 is a freight vehicle that passed the Japanese 1998-exhaust emission regulation and that has an in-line, naturally aspirated, four-cylinder, direct injection, OHC diesel engine with maximum output of 81kW. The vehicle was first registered in March 2000, and the odometer at the beginning of the test was about 5,000km. This is a typical light duty freight vehicle with a maximum payload of two tons, used for delivery within urban areas, and is equipped with an EGR system for NOx reduction. Combustion temperature decreases by the use of an EGR, and this reduces NOx emissions. However, diesel particulate matter increases because of the lower O 2 concentration in induced air. Thus, a higher EGR rate is set by wider EGR valve opening at medium and low loads where excess air ratio is large (8) . Otherwise, this also can be attained by intake air choke at low loads. There is a tendency to design a higher EGR rate at medium and low engine speed ranges, because those engine operating conditions are most frequently encountered in real traffic conditions. Vehicle 2 is a minivan without an EGR system, typically used in China, that passed the EEC exhaust emission regulation, which is the pre-regulation of EURO 1 introduced in 1992. The vehicle has an in-line, turbocharged, four-cylinder, direct injection, OHC diesel engine with maximum output of 77kW. The vehicle was first registered in September 1997, and the odometer at the beginning of the test was about 45,000km. The on-board system installed in each vehicle measures vehicle position using a GPS (global positioning system), altitudes by atmospheric pressure, pictures of road infrastructures, traffic conditions, driver's operation, engine and vehicle motions, and NOx/O 2 concentrations every 0.5 second (6) . The system will be referred to as "the Measurement System" in the reminder of this paper. 
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Test Routes
The test routes were set in Yokohama, Japan and Beijing, China, in places where NOx pollution at local roadsides seemed to be serious because the traffic was heavy. The specifics of the test routes are as follows.
The route in Yokohama starts and finishes at Keio University Yagami Campus. It is a typical urban route including intersections, a two-level crossing, turning right and left, arterial roads, narrow streets, streets clogged with traffic, etc. The distance of the route is 17.5km (7) . Table 2 shows the features of the route. Hereafter it is described as "Yokohama-urban route". The route in Beijing starts and finishes at Tsinghua University. It also is a typical urban route including intersections, a two-level crossing, turning right and left, arterial roads, narrow streets, streets clogged with traffic, etc. The distance of this route is 31.1km. Since diesel vehicles are not permitted in the number three loop line in Beijing, the route was set outside of that area. Table 2 shows the features of the route. Hereafter it is described as "Beijing-urban route".
Test Conditions
Actual NOx mass emissions for vehicle 1 were measured by the Measurement System in Yokohama-urban route, and actual NOx mass emissions for vehicle 2 were measured in Beijing-urban route. Separate drivers were assigned exclusively to each vehicle. After an adequate warming-up period, running tests were conducted on the routes shown in Table 2 , in real traffic conditions. The payload of vehicle 1 was a half of the maximum payload, corresponding to 1,000kg, and the passenger weight of vehicle 2 was 375 kg for five passengers, corresponding to half of the carrying capacity.
The tests were carried out in the daytime, when the traffic on the routes was heavy. (9) .
In this research, NOx emissions per a distance (g/km), which is calculated by dividing NOx mass emissions (g/h) by vehicle speed (km/h), is employed as an index of the NOx pollution at roadsides. NOx mass emissions per kilometer is generally called NOx emissions factor. In this paper, NOx characteristics are denoted as instantaneous NOx mass emissions ENOx,t,Inst(g/s), instantaneous NOx emissions factor ENOx,X,Inst, and route NOx emissions factor ENOx,X,RT(g/km). The instantaneous NOx emissions factor is calculated by dividing instantaneous NOx mass emissions by instantaneous vehicle speed VInst(km/h). Total NOx mass emissions (g), which is calculated by integrating the instantaneous NOx mass emissions (g/s) along the test route, is divided by the distance of the route (from the starting point to finishing point) to work out the route NOx emissions factor. Similar notations are used as for CO 2 in this paper. Instantaneous vehicle speed, VInst(km/h) and average route vehicle speed VRT(km/h) are used to describe vehicle speed (km/h).
Experimental Results
Effect of Road Infrastructure, Traffic Environment, and Vehicle Motions on NOx Pollution at Local Roadsides
Yokohama-Urban Route
Twelve times tests in a day were conducted for vehicle 1 on December 20, 2001. Table 3 shows the main experimental conditions and results at the test for which the starting time is 8 am, a time for heavy traffic. Figure 3 is the map of the Yokohama-urban route. On the map the instantaneous NOx emissions factors at different locations along the route are shown, with the aid of the information from the GPS system. It is impossible to describe an instantaneous NOx emissions factor during a standstill of a vehicle because it is infinitely large. In those cases, the instantaneous NOx emissions are described as a mass exhausted during a standstill. Many instantaneous NOx emissions factors, which are larger than the route NOx emissions factor in this test, 3.01 g/km, are scattered in the Figure 3 .
The road points where the instantaneous NOx emissions factor becomes a maximum value are picked out by each short trip. Here, a short trip is a road section from a vehicle stop to the next stop. Table 4 , only the maximum instantaneous NOx value during vehicle running is extracted because it is clear that the mass of NOx emissions during standstill is proportional to the standstill time of a vehicle.
Relating to the road infrastructure, the breakdown of the top twenty events includes 14 for intersections, 4 for narrow streets, 1 for a major street, and 1 for an uphill slope. Relating to traffic conditions, the breakdown of the top twenty includes 10 for stops by a traffic light or turning right/left, 5 for evading a roadblock such as a parked vehicle, an oncoming car, and a pedestrian etc., 2 for vehicle stops by a stop sign and deceleration near blind corners. Relating to vehicle motions, the breakdown of the top twenty includes 10 for acceleration at a vehicle start, 9 for acceleration after deceleration, and driving at a slow speed.
From the above results, we can observe that large instantaneous NOx emissions factors are seen at intersections and narrow streets in Yokohama-urban route during vehicle start and acceleration. This results in the intensive NOx pollution to local roadsides.
Beijing-Urban Route
The test for vehicle 2 was conducted on September 5, 2001. Table 5 shows the main experimental conditions and results. Figure 4 is the map of Beijing-urban route on which instantaneous NOx emissions in the same manner as with the Yokohama route. Intensive NOx emissions can be seen in the Figure 4 because the standstill time was so long due to traffic jams. The road locations where the instantaneous NOx emissions factor becomes a maximum value are picked out by each short trip as summarized in the previous section. Table 6 shows the top twenty instantaneous NOx emissions factors with information of road 
From the above results, one observes that for the Beijing-urban route the large instantaneous NOx emissions are seen at major streets during mild starts in traffic jams. This results in the intensive NOx pollution to local roadsides. Figure 5 shows the relation of instantaneous NOx emissions factors to instantaneous vehicle speeds in the test for vehicle 1 conducted on December 20 2001. In the figure, in order to clarify the relation of the vehicle speed and the NOx emissions factor, the EGR rate is highlighted by two symbols, which indicate that the EGR rates are less than or over 10 %. The reason why the criterion is 10 % is that the EGR rate for 0.5 second measurement interval showed a tendency to increase steeply over about 10 %. The instantaneous NOx emissions factor varies greatly at lower vehicle speed, and it increases at lower vehicle speed. The lower EGR rate can be seen in the data of higher instantaneous NOx emissions factors at low vehicle speed. Figure 6 shows a typical history of NOx emissions factors at an intersection, since higher NOx emissions factors can be observed at a vehicle start at an intersection in the Yokohama-urban route. The maximum instantaneous NOx emissions factor is about 38 g/km at the second gear position, which is roughly thirteen times more than the route NOx 
Relation of Vehicle Speed and NOx Emissions at Local Roadsides
emissions factor 3.01 g/km shown in Table 3 . Figure 5 also indicates the history of instantaneous NOx emissions factors at the vehicle start at the intersection shown in Figure  6 . From the above results, intensive NOx mass emissions to roadsides occurs at vehicle starts using the second gear position, where the EGR rate is less than 10 %. Figure 7 shows the relation of the instantaneous NOx emissions factor to instantaneous vehicle speed in the test for vehicle 2 conducted on September 6 2001 on the Beijing-urban route. Instantaneous NOx emissions factors for vehicle 2 increase at lower vehicle speed, especially less than 10 km/h, though it doesn't vary much, compared to vehicle 1. Figure 8 shows a typical history of NOx emissions factors at a slow start since higher NOx emissions factors can be observed during traffic jams in Beijing-urban route. The instantaneous NOx emissions factor at the slow start is about 40 g/km, which is roughly thirteen times more than the route NOx emissions factor 3.10 g/km shown in Table 5 . Figure 7 also indicates the history of instantaneous NOx emissions factors at the slow start during the traffic jam shown in Figure 8 . From the above results, one can see that intensive NOx mass emissions to roadsides occur at less than 10 km/h of vehicle speed, where instantaneous NOx emissions factors are much higher. Figure 9 shows the relation of instantaneous CO 2 mass emission instantaneous NOx mass emissions to in the test for vehicle 1 conducted on December 20 2001. The EGR rate is highlighted by two symbols, which indicate that the EGR rates are less than or over 10%. The EGR rate less than 10 % can be seen in the area of higher instantaneous NOx mass emissions. The instantaneous NOx mass emissions and instantaneous CO 2 mass emission for vehicle 2 show a strong correlation. 
Relation of Instantaneous NOx Emissions Factor and CO 2 Emission Factor
Analysis of Intensive NOx Emissions to Roadsides by Engine NOx Map
Engine behavior for both vehicles, when intensive NOx mass emissions to roadsides occur, is analyzed on an engine NOx map. Figure 11 shows the engine NOx map for vehicle 1. The NOx map is created as follows.
a. Engine torque for every 0.5 second is calculated by Eq.(2) which is mainly based on a vehicle running resistance, Eq.(1) (10). b. Calculated maximum engine torque and maximum engine speed are divided each equally among ten, this creates one hundred engine operating areas.
c. Amount of instantaneous NOx mass emissions existing in each engine operation area are divided by the number of the data in each engine operation area. The result is the average NOx mass emissions in each engine operating area.
d. The average NOx mass emissions are indicated in the center of each engine operating area by a bubble which surface area is the value of the average NOx mass emissions.
The engine for vehicle 1 emits high levels of NOx in the engine operating area with higher speed and higher torque, and it emits less NOx in the engine operating area with lower speed and lower torque. Figure 11 also indicates the history of engine speed and torque, which is the typical example of intensive NOx pollution at roadsides shown in Figure 6 . This result shows why high levels of NOx are emitted at a vehicle start, because the engine is running in the higher engine speed and torque area. Figure 12 is the engine map for the EGR rate. This shows that the lower EGR rate is used at a vehicle start. Figure 13 shows the engine NOx map for vehicle 2. A tendency similar to Figure 11 is shown in Figure 13 , but much NOx is emitted in lower torque and lower engine speed areas, compared to vehicle 1. Figure 13 also indicates the history of engine speed and torque, which is the typical example of intensive NOx pollution during the traffic jam shown in Figure 8 . The engine is running in the lower engine speed and lower torque area.
In order to evaluate NOx pollution at a slow start in vehicle 1, the history of NOx emissions factors during a traffic jam is indicated in Figure 14 . Low NOx emissions factors can be seen at a slow start, especially less than 20 km/h, using the second gear. Figure 15 and 16 show the history of engine speed and torque on NOx mass emissions, and on the EGR rate map. This makes the difference in NOx emissions at starts for both vehicles clear. Lower engine speed and torque area, where NOx mass emissions are less since the EGR rate is high in vehicle 1, is used at a slow start. The above results show that for vehicle 1, the higher engine speed and torque area is used during vehicle starts and acceleration, and this results in high NOx mass emissions because the EGR rate is low in that part of the engine map. At lower engine speeds and torque, the NOx mass emissions are low because EGR rates are higher in that engine regime. In case there is a difference of an emission control strategy between a steady state and a transient state, NOx mass emissions to local roadsides might be influenced by the difference of the system. For instance, depending on the level an engine acceleration, an EGR rate may be optimized by controlling excess air ratio in order to reduce black smoke (11) .
In this case there is the possibility that high levels of NOx are emitted at intersections during vehicle starts and acceleration, compared to a steady state condition. At a slow start, it is estimated that NOx emissions are low because the engine is operated in a condition near a steady state. Further study is needed to clarify the characteristics of NOx mass emissions during transient states of vehicles with an EGR system. Intensive NOx mass emissions to roadsides occur at a slow start during traffic jams in vehicle 2. Though the engine is used in the lower engine speed and lower torque area, NOx emissions are relatively high because there is no EGR system with the engine.
Conclusions
(1) The intensive NOx emissions to local roadsides mainly came up at intersections during vehicle starts and acceleration in the vehicle with an EGR system. In the vehicle with no EGR system, the intensive NOx emissions came up at major streets during a slow start in traffic jams. (2) In the vehicle with the EGR system, the vehicle start and acceleration makes instantaneous NOx emissions factors high because the higher engine speed and torque area is used, where NOx mass emissions are much more since the EGR rate is low. Intensive NOx mass emissions to roadsides occur at a slow start during traffic jams in the vehicle with no EGR system because the vehicle speed area less than 10 km/h is used, with resulting high instantaneous NOx emissions factors. These factors lead to the intensive NOx mass emissions to local roadsides in both vehicles. (3) From the analysis of the engine NOx and EGR rate map, it can be concluded that a slow during traffic jams makes NOx mass emissions to roadsides less in the vehicle with the EGR system because the lower engine speed and torque area is used, where the EGR rate is high. (4) In order to reduce the intensive NOx mass emissions to local roadsides, it is effective to design an engine emission control system with less NOx mass emissions at a vehicle start, or effective to drive through avoiding the engine operating area with higher instantaneous NOx emissions factors.
